A previous exposure to a non-harmful ischemic insult (preconditioning) protects the brain against subsequent harmful ischemia (ischemic tolerance). In contrast to delayed gene-mediated ischemic tolerance, little is known about the molecular mechanisms that regulate rapid ischemic tolerance, which occurs within one hour following preconditioning. Here we investigate the degradation of the pro-apoptotic Bcl-2 family member Bim as a mechanism of rapid ischemic tolerance. Bim protein levels were reduced 1 hour following preconditioning and occurred concurrent with an increase in Bim ubiquitination. Ubiquitinated proteins are degraded by the proteasome, and inhibition of the proteasome with MG132 (a proteasome inhibitor) prevented Bim degradation and blocked rapid ischemic tolerance. Inhibition of p42/ p44 mitogen-activated protein kinase activation by U0126 reduced Bim ubiquitination, Bim degradation and blocked rapid ischemic tolerance. Finally, inhibition of Bim expression using antisense oligonucleotides also reduced cell death following ischemic challenge. Our results suggest that following preconditioning ischemia, Bim is rapidly degraded by the ubiquitin-proteasome system resulting in rapid ischemic tolerance. This suggests that the rapid degradation of cell death promoting proteins by the ubiquitin-proteasome pathway may represent a novel therapeutic strategy to reduce cell damage following neuropathological insults e.g. stroke.
Tolerance is the phenomenon whereby previous exposure to a sub-toxic insult conditions the cell or organism against a more severe toxic challenge (1) . Tolerance appears to be a conserved endogenous phenomenon and has been described in multiple organisms from simple cells to more complex systems (1, 2) . Ischemic tolerance has been observed in the brain; a brief preconditioning ischemic insult results in a reduced activation of cell death pathways that occur following a harmful ischemic event (1, (3) (4) (5) (6) .
Two types of ischemic tolerance have been reported for the brain: delayed and rapid ischemic tolerance. Delayed ischemic tolerance develops over 1-3 days in vivo (7, 8) or 24 hours in vitro (9) (10) (11) , is mediated by a gene-based mechanism and requires new protein synthesis (1, 6, 12) . In contrast, rapid ischemic tolerance is protein synthesis-independent and occurs within 1 hour of the preconditioning ischemia (13-17). Rapid ischemic tolerance can be blocked by adenosine A 1 receptor antagonists (17, 18) and mimicked by K ATP channel openers (13, 19, 20) . The above suggests that different molecular mechanisms contribute to each type of tolerance.
The Bcl-2 family of genes regulate cell death processes and consist of two groups: the pro-cell death family members, for example Bax, and the pro-survival members, for example, Bcl-2 (21) . The ratio between pro-apoptotic and pro-survival members of the Bcl-2 family determines the cell's fate (22, 23) . Bim (also called Bod) is a member of the pro-apoptotic Bcl-2 family only containing a BH3 domain (e.g. Bim, Bad and Bid) (24) . Bim is expressed as at least 3 isoforms (Bim EL , Bim L Bim S ) that determine its cell death potency (24) (25) (26) ; Bim S is most potent. Bim plays a critical role as a mediator of neuronal cell death (27) . Raising Bim levels increases cell death, where as Bim deficient mice are resilient to many cell deathpromoting stimuli (28) .
Interleukin-3 and nerve growth factor (NGF) regulate Bim protein levels, via a raf/ p42/ p44 mitogen-activated protein kinase (p42/ p44 MAPK)-dependent mechanism, but not via an Akt-dependent mechanism (29, 30) . Phosphorylation of Bim by p42/ p44 MAPK targets Bim for degradation by the ubiquitinproteasome system (31-33). Since Bim is an important mediator of neuronal cell death, we investigated the regulation of Bim protein levels via the ubiquitin-proteasome system in an in vitro model of rapid ischemic tolerance.
EXPERIMENTAL PROCEDURES
Materials and methods-The proteasome inhibitor MG-132 (Z-Leu-Leu-Leu-CHO) was purchased from Calbiochem, (San Diego, CA); cycloheximide, U0126 (1,4-Diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto) butadiene) and PD98059 (2-(2-Amino-3-methoxyphenyl)-4H-1-benzopyran-4-one) from Sigma (St Louis, MO); anti-caspase 3, anticleaved caspase 3, anti-phosphorylated p42/ p44 MPAK and native p42/ p44 MAPK from Cell Signaling (Beverley, CA); anti-Bim from Stressgen (Victoria, BC, Canada); anti-Bid from R & D Systems (Minneapolis, MN); anti-Bax and anti-α-tubulin from Santa Cruz Biotechnology (Santa Cruz, CA); p62 UBA agarose beads from Affiniti (Exeter, UK), antisense oligonucleotides were synthesized by Sigma-Genosys (The Woodlands, TX). Cortical cell culture-Sprague-Dawley rat pups were used to prepare cortical neuronal cultures, as previously described (12) . Briefly, cortices were dissected from 10-12 rat pups (P1-2) and enzymatically dissociated with papain (Worthington Biochemicals, Lakewood, NJ, USA). Cells were plated out at a density of 400,000 cells per coverslip for cell viability assays, or 5,000,000 cells per 10 cm culture dish (Primara; Becton Dickinson, San Jose, CA, USA) for immuno blotting or immunoprecipitation in Neurobasal-A/ B27 media (Invitrogen, Carlsbad, CA, USA) for 7-10 days. Ischemic tolerance-Oxygen and glucose deprivation (OGD) was performed by washing the cells with phosphate buffered saline (PBS) (NaCl (1.37 mM), KCl (2.7 mM), Na 2 HPO 4 (10 mM), KH 2 PO 4 (1.7 mM); pH 7.4) supplemented with 0.5 mM CaCl 2 , 1.0 mM MgCl 2 and placing culture dishes in an anaerobic chamber for 30 or 120 min (Forma Scientific, Marjetta, OH, USA)(85 % N 2 , 5% H 2 , 10 % CO 2 ; 35 ºC) as previously described (34, 35) . Anaerobic conditions in the chamber were monitored using Gaspack anaerobic indicator strips (Becton Dickinson, San Jose, CA, USA). OGD was terminated by removing cells from the anoxia chamber, replenishing with Neurobasal A media and replacing them back into the normoxic incubator.
Cultured cells were subject to the following treatments: 1) Control cells were washed with PBS and maintained in Neurobasal A media (without B27 supplement), 2) Some cells were preconditioned with 30 min OGD and then recovered for 24 hours in Neurobasal A media, 3) Some cells were subject to 120 min OGD (harmful ischemia) followed by 24 hours recovery in Neurobasal A media, 4) Some cells were preconditioned with 30 min OGD and recovered for 1 hour before being subject to a harmful 120 min OGD ischemia. Cell death was performed 24 hours following the final OGD challenge. In preliminary experiments the time interval between preconditioning ischemia and harmful ischemia was varied from 1-24 hours (see Fig 1a) . For rapid tolerance experiments the interval between preconditioning and harmful ischemia was 1 hour. Cell death assay (Propidium Iodide staining)-For cell death assays, coverslips containing cortical cells were incubated with propidium iodide (1.5 µg/ ml) for 2 min, washed with PBS and fixed with 4 % formaldehyde. Cells were permeabilized with 0.1 % Triton X-100 and then mounted onto glass slides using Vectashield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA, USA). Cell death was determined as the ratio of propidium iodide-stained cells, to the total number of DAPI-stained cells, visualized using a fluorescence microscope. Immunocytochemistry and TUNEL-Cultured cells on coverslips were permeablized with 3% triton X-100. The samples were pre-blocked with 2% goat serum and 1% BSA, followed by incubation with primary antibody at 4 o C overnight (anti-caspase 3 from Cell Signaling). The samples were washed three times with PBS and incubated with secondary antibody for 1 hour at 37 o C (Jackson Labs). Slides were washed and mounted in a medium containing 4', 6 diamino-2-phenylindole (DAPI) (Vector Laboratories, Burlington, CA). TUNEL labeling was performed according to manufacturers instructions (Roche, Indianapolis, IN, USA). Immunolabeling was studied using a Leica microscope under Ex/Em wavelengths of 340/425 nm (blue), 500/550 nm (green) and 580/630 nm (red) respectively. Images were collected using an Optronics DEI-750 3-chip camera equipped with a BQ 8000 sVGA frame grabber and analyzed using Bioquant (Nashville, TN).
Immunoblotting-
Immunoblotting was performed as previously described (36) . Tissue samples were lysed in a nondenaturing buffer containing the protease inhibitors phenylmethylsulfonylfluride (100 µg/ ml), aprotinin (1 µg/ ml), leupeptin (1 µg/ ml), pepstatin (1 µg/ ml), NaF (50 mM) Na 3 VO 4 (2 mM) and phosphatase inhibitor cocktail (Sigma, St Louis, MO). Protein concentration was determined by Bradford reagent spectrophotometrically at A 595 . Protein samples (50 µg) were denatured in a gel-loading buffer at 100 °C for 5 min and then loaded onto 12 % SDS-polyacrylamide gels.
Proteins were transferred to polyvinylodene difluoride membranes and incubated with primary antibodies at 4 o C overnight. Membranes were incubated with anti-rabbit or anti-mouse IgG conjugated to horseradish peroxidase (Cell Signaling Technology, Beverly, MA, USA) followed by chemiluminesence detection (NEN Life Science Products, Boston, MA, USA) and then exposed to Kodak film (Biomax). Images were captured using a Dage 72 camera. 
Oligonucleotides were phosphothioate modified on the first and last 3 linkages to reduce degradation. Cortical neuronal cultures were incubated for 48 hours with a cocktail of antisense (4 x 1 µM of each oligo), sense (4 x 1 µM of each oligo) or control scrambled sequence (5'-TCGGCTAGACACCATCGT-3'; 4 µM).
Cultures were replenished with oligonucleotides every 24 hours. Cultures were subject to 120 min OGD and cell death assessed by PI staining. Some cultures were incubated with Bim antisense, sense or scrambled control and then subject to immunoblotting for Bim, Bid and α-tubulin, as above. Data analysis-Data are presented as mean ± SEM of n determinations. Data from cell death assays were analyzed using repeated-measures one-way analysis of variance (ANOVA) with Bonferroni's post-hoc test (Graphpad Prism, Graphpad Software, San Diego, CA, USA). Significance was accepted at p<0.05.
RESULTS

An in vitro model of rapid ischemic tolerance
We investigated the molecular mechanisms involved in rapid ischemic tolerance using an in vitro model of oxygen and glucose deprivation (OGD). When cells were subject to 120 min OGD we observed approximately 50-60 % increase in PI positive staining of cells, which we interpret as an increase in cell death (Fig. 1b  & 1c) . In previous studies approximately 60 % of these cells had features of apoptosis (TUNEL positive) ( Fig. 2b) (35) . Consistent with our previous study of long-term tolerance (34) , when the cultures were preconditioned with 30 min OGD, 24 hours prior to a harmful dose of 120 min OGD, PI staining (cell death) was reduced (Fig. 1b) .
When the interval between preconditioning and harmful ischemia was reduced to 4 hours, the protective effect of preconditioning was lost (Fig. 1b) . However, when the interval between preconditioning and harmful ischemia was reduced to 1 hour, we also observed a decrease in PI positive cells, which we interpret as less cell death (rapid/ short-term ischemic tolerance) (Fig. 1b & 1c) . The total number of cells in the cultures was not affected by either harmful ischemia 120 min OGD or preconditioning ischemia (See Supplementary Fig. 1 ; also see (34) ).
Long term ischemic tolerance requires new protein synthesis and is blocked by protein synthesis inhibitors (10, 34) . The protective effect of rapid ischemic preconditioning was not reduced when the protein synthesis inhibitor cycloheximide was added to the cells for 1 hour between OGD treatments (Fig. 1d) . In contrast the protective effect of delayed ischemic tolerance was reduced when cells were incubated with cycloheximide for 24 hours following preconditioning, which is consistent with previous reports (10, 34) (Fig. 1d) . These data suggest that rapid ischemic tolerance does not require the synthesis of new proteins.
Reduced cleavage of an executioner caspase in rapid ischemic tolerance
It has been suggested that following preconditioning the activation of cell death pathways is reduced (4,5), accordingly we investigated the cleavage of the quintessential cell death protease caspase 3. Caspase 3 requires proteolytic cleavage for activation (37) . Caspase 3 cleavage was increased three-fold 24 hours following 120 min OGD, compared to control cells (Fig 2a & 2b) . However, in cells preconditioned with 30 min OGD, 1 hour prior to 120 min OGD, caspase 3 cleavage was reduced (Fig. 2a & 2b) . These data suggest that preconditioning reduces caspase-3 mediated cell death pathways following harmful ischemia.
To further examine the location of caspase 3 in tolerant cells we visualized fulllength caspase 3 expression using immunocytochemistry. Caspase 3 appeared as a cytosolic staining pattern in control cortical cell cultures (Fig. 2c) . The staining was stronger in the nucleus following 120 min OGD as well as being denser in the cytosol (Fig. 2c) . In contrast few cells stained positive for caspase 3 following preconditioning, however a small number did show the more dense staining pattern of injured cells (Fig. 2c) . Taken together these data suggest that preconditioning ischemia reduces the activation of caspase 3 following a subsequent injurious ischemic insult.
Decreased levels of the pro-apoptotic protein Bim following preconditioning
We investigated the expression of the proapoptotic protein Bim following preconditioning. Bim has been shown to play a prominent role in neuronal cell-death pathways (27, 28, 38) . Bim protein was expressed as a 26 kDa protein in control cells (Fig. 3a) . Bim protein levels were decreased in cortical cultures 1 hour following 30 min OGD (preconditioning), but recovered to normal levels at 4 hours ( Fig. 3a and 3b) . In contrast the expression of the pro-apoptotic cell death proteins Bid and Bax did not change (Fig. 3a) .
In order to test whether changes in Bim expression were due to a blockade in translation, we incubated cells with a high concentration of cycloheximide (10 µM) for 1-24 hours and then measured Bim protein levels by immunoblot.
As can be seen in Fig. 3c , the resulting decrease in Bim expression was slower than that following preconditioning ischemia. We also analyzed the density of the Bim signal and determined that the half-life of Bim in neuronal cultures following cycloheximide treatment was 2.8 hours (Fig. 3c) , similar to its half-life (approx. 4 hours) in HEK293 cells (32) . These data suggest that the decrease in Bim levels following preconditioning are not due to decreased translation rates of the protein, but suggest that Bim is actively degraded.
Bim ubiquitination and proteasomal degradation following preconditioning ischemia Bim protein levels are regulated by the ubiquitin-proteasome pathway (31,32), hence we investigated whether Bim was ubiquitinated following 30 min OGD preconditioning. Our initial experiments attempted to replicate the Bim ubiquitin immunoprecipitation shown by Akiyama (39), however we were unable to precipitate Bim using their suggested antibody, nor a Stressgen antibody (not shown). This result may be due to differences in cell types used in these experiments; their experiments were performed in mouse cells where ours use rat cortical cells.
Hence we sought an alternative approach.
It has been shown that the P62 protein (sequestome-1) binds ubiquitinated proteins and shuttles them to the proteasome for degradation (40) (41) (42) . Conjugation of the ubiquitin-binding domain (UBA) of P62 to agarose beads has been shown to precipitate/ pull-down ubiquitinated tau (40) . We applied a similar approach using a commercially available P62 UBA protein conjugated to agarose (Affiniti, UK). Using these P62 UBA beads we performed pull-down assays to determine whether preconditioning increase the association of P62 to Bim. In control untreated cells, we observe variable amounts of Bim pulled down by these beads (Fig. 4a and 5e ). Following 30 min OGD and 1 hour recovery there was an increase in Bim pulled-down by P62 UBA beads, which appeared in a ladder pattern with a higher molecular weight than native Bim (Fig. 4a) . While not direct evidence of Bim ubiquitination, these data are consistent with Bim being ubiquitinated following preconditioning ischemia (30 min OGD).
If Bim is degraded by the ubiquitinproteasome pathway, then blocking this pathway should block rapid ischemic tolerance and reduce Bim degradation following preconditioning. In order to investigate the effect of transient inhibition of the proteasome, we incubated cells with the irreversible proteasome inhibitor MG132 following preconditioning with 30 min OGD, but prior to harmful 120 min OGD. MG132 (0.5 µM) had no effect on basal cell death, or 120 min OGDinduced cell death (Fig. 4b) . However, there was a reduction in the neuroprotective effect of preconditioning in cells treated with MG132 (Fig. 4b) , suggesting that blocking the proteasome inhibits rapid ischemic tolerance.
We then further investigated the effect of MG132 on the degradation of Bim using immunoblotting.
Bim protein levels were reduced 1 hour following preconditioning ischemia (Fig. 4c) . When cells were recovered in the presence of MG132 following preconditioning ischemia, Bim protein levels were not reduced (Fig. 4c) . In comparison, α-tubulin levels were not reduced (Fig. 4c) . Taken together, these data suggest that inhibition of the proteasome with MG132 prevents both Bim degradation and rapid ischemic tolerance.
p42/ p44 MAPK regulates Bim degradation during rapid ischemic tolerance
The phosphorylation and resultant ubiquitination of Bim is regulated by p42/ p44 MAPK (31,32), hence we determined the effect of inhibition of p42/ p44 MAPK on rapid ischemic tolerance and Bim degradation. Cells were incubated for 1 hour following 30 min preconditioning OGD, with either PD98059 or U0126 (both 10 µM), compounds that prevent p42/ p44 MAPK activation by inhibiting the upstream regulatory MAPK kinase (Mek).
Both U0126 and PD98059 blocked the neuroprotective effect of preconditioning (Fig. 4a & 4b, respectively) , suggesting that active p42/ p44 MAPK regulates rapid ischemic tolerance. U0126 and PD98059 had no effect on basal cell death or 120 min OGD-induced cell death (Supplementary Fig. 2 ).
To show that p42/ p44 MAPK activation increases following preconditioning ischemia we used antibodies to phosphorylated p42/ p44 MAPK. There were low levels of p42/ p44 MAPK phosphorylation in control cells, however phosphorylation of p42/ p44 MAPK increased one hour following preconditioning ischemia (Fig. 5c) . The increase in p42/ p44 MAPK phosphorylation following preconditioning ischemia was blocked by U0126 (Fig. 5c) . In control cells treated with U0126 alone there was no phosphorylation of MAPK (Fig. 5c) . As a control we also probed the blot for non-phospho-p42/ p44 MAPK. Total levels of p42/ p44 MAPK did not change following preconditioning ischemia or U0126 treatment (Fig. 5c ). These data suggest that p42/ p44 MAPK activity increased following preconditioning ischemia.
We further investigated the effect of U0126 on Bim protein levels following 30 min OGD.
We observed a decrease in Bim expression 1 hour following 30 min preconditioning ischemia (Fig. 5d) . The decrease in Bim was blocked by U0126 (Fig.  5d ). However, U0126 had no effect on Bim protein expression in control treated cells (Fig.  5d ). These data suggest that the decrease in Bim levels observed following preconditioning is mediated via the p42/ p44 MAPK system.
Finally we investigated the effect of U0126 on the Bim ubiquitination determined by its interaction with p62 UBA. Ubiquitinated proteins were precipitated using p62 UBA beads and immunoblotted for Bim. U0126 reduced the pull-down of Bim following preconditioning 30 min OGD (Fig. 5e) . Taken together these data suggest that p42/ p44 MAPK regulates the ubiquitination and degradation of Bim, resulting in rapid ischemic tolerance.
Reduced expression of Bim reduces ischemiainduced cell death in vitro
In order to show that a reduction in Bim expression increases the survival of neurons exposed to ischemia, we used an antisense approach to block expression of Bim, and hence mimic the neuroprotective effect of preconditioning. Cells were incubated with a cocktail of antisense oligonucleotides (4 oligos x 1 µM) to Bim for 48 hours as previously described (38) . Control cells received either sense oligonucleotides (4 oligos x 1 µM) or a scrambled oligonucleotide (1 oligo x 4 µM). Bim expression was reduced in the antisense (25 %) but not the sense or scrambled oligonucleotide-treated cells (Fig. 6a & b) . In contrast the expression of another BH3-only pro-apoptotic member of the Bcl-2 family, Bid, did not change (Fig. 6a) . Bim antisense reduced 120 min OGD-induced cell death in cortical cultures by nearly 50 % (Fig. 6c) ; in contrast sense and scrambled control oligonucleotides had no effect on 120 min OGD-induced cell death (Fig. 6c) . Basal levels of cell death were not effected in these cultures (not shown). Taken together these data suggest that reducing Bim protein levels results in an increased protection of cortical neurons in response to harmful ischemia.
DISCUSSION
Here we investigated the down-regulation of Bim protein levels by the ubiquitin-proteasome pathway as a potential mechanism of rapid ischemic tolerance. Following preconditioning with 30 min OGD, we observed a decrease in Bim protein levels and a concurrent increase in Bim ubiquitination. The proteasome inhibitor MG132 and inhibitors of p42/44 MAPK reduced the degradation of Bim.
Blocking the proteasome and p42/ p44 MAPK activation also blocked rapid ischemic tolerance. Finally, we showed that directly reducing Bim expression protects neuronal cultures from the effect of harmful ischemia. Taken together, these data suggest that rapid ischemic tolerance involves the degradation of Bim protein levels by the ubiquitin-proteasome pathway and is mediated by p42/ p44 MAPK.
Whilst delayed ischemic tolerance has been the focus of many studies in the brain, the mechanisms involved in rapid ischemic tolerance are less well understood. Both forms of tolerance result in the reduced activation of cell death pathway activation (Fig. 1d)(4,5) , however the mechanisms regulating each form of tolerance are quite distinct. Delayed ischemic tolerance is protein synthesis-dependent, which suggests that the upregulation of specific genes following preconditioning mediates the neuroprotective effect (12) .
For example, preconditioning increases the expression of the pro-survival protein Bcl-2 (8, 9, 34) and blocking the increase in Bcl-2 expression following preconditioning obviates the tolerance effect (8) . In contrast, we show that rapid ischemic tolerance is not inhibited by the protein synthesis inhibitor cycloheximide (Fig 1c) .
Taken together with the fact that tolerance occurs within 1 hour following preconditioning, suggests that rapid biochemical processes mediate the effect.
Rapid ischemic tolerance in the brain can be mediated by adenosine receptors (18) (17), the opening of K ATP channels (13, 19, 20) and possibly protein kinase C (16) . Consistent with these observations, we found in preliminary experiments that rapid ischemic tolerance was blocked by the adenosine receptor antagonist 8-cyclopentyl-1,3,dipropyl xanthine (not shown). These mechanisms have also been indicated in the regulation of ischemic tolerance in the heart (43) (44) (45) . However, it is unclear how these mechanisms would lead to the reduced activation of cell death pathways following ischemia. Here we propose that one mechanism of rapid ischemic tolerance is the selective degradation of programmed cell death pathway components following preconditioning.
Bim is amongst the most potent of all pro-apoptotic Bcl-2 family of cell death regulatory proteins (24) and plays an important role in neuronal cell death (27, 46) . We observed a rapid decrease in Bim protein levels following preconditioning ischemia (Fig. 3a) . In our experiments we were unable to detect the direct ubiquitination of Bim by immunoprecipitation methods, hence we relied on a pull-down assay. P62, also known as sequestome-1, has been shown to bind to ubiquitinated proteins resulting in their targeting to the proteasome for degradation (40, 42) . A role for the proteasome in degrading Bim following preconditioning ischemia is suggested given the proteasome inhibitor MG132 blocked Bim degradation (Fig  4c) . Finally, reduction of Bim expression using antisense oligonucleotides results in neuroprotection. Taken together these data suggest that the decrease in Bim protein expression following preconditioning ischemia is mediated by the ubiquitin-proteasome system, which contributes to the neuroprotective state in rapid tolerance.
Our results suggest that following preconditioning, p42/ p44 MAPK regulates the degradation of Bim (Fig. 5) . This finding is consistent with other reports (31-33). Ley et al recently reported that p42/ p44 MAPK is a Bim EL kinase and describe the direct interaction between the two proteins (32). Our observations are also consistent with other studies describing the down-regulation of Bim protein levels by NGF or cytokines, via a p42/ p44 MAPKdependent mechanism (29, 30) .
The role of Bim phosphorylation in its activation as well as its degradation is unclear. Bim can be phosphorylated on Ser 109 and Thr 110 by NGF via p42/ p44 MAPK, which also inhibits its pro-apoptotic activity (29) . Phosphorylation of Ser 65 by p42/ p44 MAPK has been shown to promote Bim degradation (31, 33) . However, phosphorylation of Bim on Ser 65 by jun N-terminal protein Kinase (JNK) in superior cervical ganglion cells following NGF withdrawal was reported to mediate the cell death promoting activity of Bim (47) . (In our own experiments in cortical cultures, attempts to detect endogenous Bim phosphorylation with a Bim Ser 65 antibody were unsuccessful, Meller-unpublished data). Additionally, the role of JNK could not be further investigated because the JNK inhibitor SP600125 (10 µM) (48) inhibited 120 mininduced cell death, hence precluding further study (data not shown). The role of p42/ p44 MAPK in mediating Bim degradation is not in dispute, but rather the consequence of JNKmediated Bim phosphorylation is unclear within this context. Clearly, further investigation is warranted to determine the role of the different protein kinases in regulating Bim activation and degradation.
While our data strongly support the role of ubiquitination in mediating the degradation of Bim, another potential mechanism could involve decreased Bim transcription and protein translation. Bim expression is regulated by the forkhead transcription factor (38, 49, 50) , which is inversely controlled by its phosphorylation by protein kinases, such as Akt. However, this is an unlikely mechanism, because the rapid time course of the decrease in Bim that we observed is quicker than translational blockade-induced decrease in Bim protein levels (Fig. 2) . We determined that the half-life of Bim to be nearly 3 hours, hence the inhibition of Bim expression would take longer than 1 hour to be observed, unless protein stability were affected e.g. increased degradation. Since MG132 blocked the degradation of Bim, our data suggests that the decrease in Bim levels following preconditioning is due to increased proteasomal degradation of Bim, rather than decreased Bim protein expression.
Whilst a number of groups have reported that Bim is degraded by the ubiquitinproteasome pathway (31,33), it is not clear which protein is the E3 ligase necessary for ubiquitination. Interestingly, in a study by Breitshopf (51) In summary, these data show how the ubiquitination and proteasomal degradation of Bim may in part, mediate the endogenous neuroprotective mechanisms of rapid ischemic tolerance in neurons. The rapid time course of Bim degradation and the neuroprotective effect of reducing Bim expression suggest that a novel class of fast acting therapeutics targeted to Bim, may reduce cell damage following neurological insults. Figure 1 . Rapid ischemic tolerance in vitro. a) Outline of oxygen and glucose deprivation (OGD) protocol. Cells are subject to 30 min OGD (preconditioning), recovered for variable time periods (1-24 hours) and then subject to 120 min OGD (harmful). For rapid ischemic tolerance an interval of one hour was used between preconditioning ischemia and harmful ischemia. Cell death was assessed by propidium iodide (PI) staining 24 hours following ischemia. Some cells receive 30 min or 120 min OGD only, or no OGD (control). All drug treatments were applied following 30 min OGD and prior to 120 min OGD. b) Effect of various recovery times following 30 min OGD preconditioning on 120 min OGD -induced cell death. Gray blocks denote preconditioned cells. Data shown are mean ± SEM, (n=5). c) Representative images of PI stained cells following no ischemia (control), 120 min OGD and cells preconditioned with 30 min OGD, and then subject to 120 min OGD 1 hour later. Cells were stained and images were acquired 24 hours following last ischemic insult. Note decreased number of PI positive cells in tolerant cultures compared to cells exposed to harmful ischemia without preconditioning. d) Effect of cycloheximide on rapid ischemic tolerance. Cycloheximide was incubated with the cells for 1 hour or 24 hours following preconditioning (Gray denotes long-term tolerance, hatching denotes short-term tolerance). Data shown are mean ± SEM, (n=4) and analyzed by one-way ANOVA with Bonferroni's post-hoc test (* denotes P<0.05). Figure 2 . Preconditioning ischemia reduces cleavage of caspase 3 following harmful ischemia. a) Cells were preconditioned with 30 min OGD, 1 hour prior to 120 min OGD. Caspase 3 cleavage was determined 24 hours later by immunoblotting with a cleaved caspase 3 P19/17 fragment specific antibody. Blots were reprobed with α-tubulin to control for loading. Image shown is a representative blot of 5 independent experiments. b) Quantification of western blots. Data shown are mean ± SEM (n=5) and analyzed by one-way ANOVA with Bonferroni's post-hoc test (** denotes P<0.01 vs. control group and * denotes P<0.05 vs. 120 min OGD group). c) Immunocytochemical detection of caspase 3 in control, ischemia-treated and tolerant cortical cells. Cells were subject to various ischemic treatments and caspase 3 levels determined by immunocytochemistry 24 hours later. DNA breaks were also assessed using TUNEL.
FIGURE LEGENDS
Note the increased TUNEL staining in 120 min OGD treated cells, and the more nuclear pattern of caspase 3 staining in cells following ischemia. Images are representative of 2 experiments. Figure 3 . Preconditioning ischemia reduces Bim protein levels a) Bim, Bid and Bax protein levels were determined by immunoblotting. Blots were re-probed with α-tubulin to control for loading. Image shown is a representative image from 3-4 independent experiments. b) Quantification of Bim immunoblots. Data were analyzed by one-way ANOVA with Bonferroni's post-hoc test, * denotes P>0.05, n=4). c) Cells were incubated with cycloheximide (10 µM) for 1-24 hours and Bim levels were determined by immunoblot. Blots were reprobed for α-tubulin. The optical densities from 3 independent experiments were plotted and data fitted to a mono-exponential decay curve to determine the half-life of Bim (t ½ =2.8h, r . Bim is ubiquitinated following preconditioning and inhibition of the proteasome blocks rapid ischemic tolerance and Bim degradation. a) Bim ubiquitination was determined by pull-down with a ubiquitin-binding domain conjugated to agarose beads (P62 UBA-agarose). Experiments were run in the presence of MG132 (0.5 µM) to prevent degradation of ubiquitinated Bim. Pulled-down proteins were immunoblotted (IB) for Bim. Image shown is representative of 3 independent experiments. The weight of native Bim is marked. b) Cells were preconditioned with 30 min OGD and then incubated with MG132 (0.5 µM) for 1 hour. Cell death was assessed using propidium iodide (PI) staining. Note that MG132 blocks short term tolerance. Data shown are mean ± SEM (n=6). Data are analyzed by one-way ANOVA, with Bonferroni's post hoc test (* denotes P<0.01). c) Cells were preconditioned with 30 min OGD and then recovered for 0.5, 1 or 4 hours with or without MG132 (0.5 µM). Bim protein levels were determined by immunoblot. Blots were re-probed with α-tubulin to control for loading. Data shown are representative blot of 3 independent experiments. Figure 5 . p42/ p44 MAPK regulates Bim degradation following preconditioning. a) Cells were preconditioned with 30 min OGD and then incubated for 1 hour with U0126 (10 µM). Cell death was assessed 24 hour following 120 min OGD using propidium iodide staining. Data shown are mean ± SEM (n=8). Data were analyzed by one-way ANOVA, with Bonferroni's post-hoc test (* denotes P<0.05). b) Cells were preconditioned with 30 min OGD and then incubated for 1 hour with PD98059 (10 µM). Cell death was assessed 24 hour following 120 min OGD using propidium iodide staining. Note that both U0126 and PD98059 block ischemic tolerance. Data shown are mean ± SEM (n=5). Data were analyzed by one-way ANOVA, with Bonferroni's post-hoc test (** P<0.01). c) Cells were preconditioned with 30 min OGD and the recovered in the presence of U0126 for 1 hour. p42/ p44 MAPK phosphorylation were determined by immunoblot. Blots were reprobed for total p42/ p44 MAPK expression. d) Cells were subject to preconditioning ischemia and then recovered in the presence of U0126. Bim expression was determined by immunoblot. Note that U0126 blocks tolerance-induced Bim degradation. Data shown are representative of 3 independent experiments. e) Cells were preconditioned with 30 min OGD and then recovered in the presence of U0126 for 1 hour. Bim ubiquitination was assessed by p62 UBA precipitation. Bim levels were then detected by immunoblot. The precipitation of ubiquitinated Bim was reduced by U0126. Control Scrambled Bim AS
